Recent work has shown that incorporating solid nanoparticles into the coatings of contrast agent microbubbles can be used to control their stability and to provide other functional characteristics for example in multimodality imaging. The aim of this study was to investigate the influence of nanoparticle characteristics and concentration on the response of the microbubbles to ultrasound excitation. Theoretical models were first derived to simulate the effects of adsorbing different types and concentrations of nanoparticle on to the surface of a bubble in both a monolayer and a layer of finite thickness. The results indicate that the particles modify the symmetry of the microbubble oscillations and enhance their nonlinear character. Experimentally, microbubbles coated with a surfactant and varying concentrations of gold nanoparticles of different sizes and surface properties were produced using either sonication or microfluidics. The attenuation and backscattering coefficients from the bubble suspensions and the scattered response from individual bubbles were measured for a range of frequencies (1-7.5MHz) and pressures (50-500kPa). The nanoparticles were found to enhance the nonlinear character of the bubble response in qualitative agreement with the theoretical results. Both the degree of enhancement and stability of the microbubbles was dependent upon the nanoparticle surface chemistry.
BACKGROUND
Ultrasonic Contrast Agents (UCAs) are gas filled microbubbles, ranging from 1-10µm, encapsulated in lipid or polymeric shells. Their interaction with ultrasound is of great interest within many fields in medical diagnostic imaging, where they are used in applications such as enhanced visualisation of cardiovascular structures [1] and to characterize tumour vascularity [2] .
Due to their highly compressible core, UCAs undergo volumetric oscillation in response to acoustic excitation. For bubbles in the 1-10µm size range the resonance frequencies for these oscillations is in the MHz range and thus corresponds to the frequency range of modern medical diagnostic imaging apparatus. Since the tissue surrounding the microbubbles acts as a predominantly linear scatterer of ultrasound, it is difficult to isolate the signal emitted by UCAs within the fundamental frequency band. Due to the asymmetric nature of their volumetric oscillations, however, the scattered signal from UCAs also contain nonlinear components which can be used to separate the response of the microbubbles from that of the surrounding tissue giving excellent contrast to tissue ratios. Various detection strategies have been developed which utilise the nonlinear signal in frequency bands that contain the sub harmonic [3] , second harmonic and super harmonics [4] . An impediment to these methods, however, is that the harmonic and sub harmonic content of the scattered signal is of a much lower magnitude to that of the fundamental frequency. This can be improved by increasing the asymmetry of oscillations where the microbubble expansion is much larger than its contraction or vice versa. This can be achieved by increasing the insonation pressure, at the risk of bringing about undesirable effects such as acoustic cavitation and fragmentation of the microbubble. It is therefore desirable to increase the degree of nonlinearity at lower excitation amplitudes.
It has been previously shown that the nonlinear response and stability of microbubbles can be dramatically improved through deposition of nanoparticles in its shell [5, 6] . This is brought about by the nanoparticles "jamming" when a microbubble has reached a minimum radius; thereby causing significant hindrance to further compression. In this paper we present theoretical and experimental results on the effect of nanoparticles upon the asymmetry of the oscillations. Two types of shell are considered: a) A monolayer coating with constant thickness; b) An incompressible coating of finite thickness.
THEORY

Nanoparticle Influence
Radius Dependant Stiffness
Consider an incompressible shell of finite thickness in which the particles are suspended. A fraction of these will be inevitably adsorbed at the liquid/gas interface inside of the microbubble. The area between the particles at the interface is assumed to be occupied by an initial concentration of lipid molecules. As the radius of this interface decreases, a higher ratio of its area will be occupied by the particles and the concentration of the lipid molecules will also increase. This in turn will increase the effective stiffness of that interface. Contraction continues until the particles reach their packing density at which point they form a near solid interface, dramatically increasing the shell stiffness. This effect can be modelled by an exponential function of the form:
where a and b are determined by the properties of the lipid and 0 S G is the stiffness of the particle free shell. Schematic of the effect of nanoparticles upon shell stiffness. As the internal face contracts, the particles become ever closer to each other, eventually reaching their packing density and thus dramatically increasing the shell stiffness.
Effective Viscosity
The nanoparticle laden shell of finite thickness, will also exhibit higher effective viscosity due to the disruption of flow caused by the dispersed nanoparticles. This effect, in the case of dilute suspensions of spherical particles, was considered by Einstein [7] and was later extended to higher volume fractions by Beenakker up to the second order [8] : (3) where 0 µ and µ are the pure fluid and effective viscosities and φ denotes particles to shell volume fraction. It is evident that the effect of such particles upon viscosity depends on the volume they occupy rather than their size.
Dynamic Models
Finite Thickness Shell
The dynamic model proposed by Church [9] was used with modifications to the shell stiffness and viscosity terms as above, relating them respectively to instantaneous radius and particle/liquid volume fraction. (4) Subscripts 1 and 2 denote values at their respective interfaces. Subscripts S and L denote the properties at shell and the surrounding liquid. R is the instantaneous radius and the dots indicate its derivatives with respect to time.
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R is the radius of interface 1 at 
Monolayer Shell
In the case of the monolayer shell, we use a version of (4) proposed by Hoff for a shell whose thickness is constant and small in comparison to microbubble radius [10] : , and all other variables have their usual meaning. Note that in this scenario, the shell viscosity is assumed not to be affected by the presence of particles.
MATERIALS AND METHODS
Modeling
A script containing Equations (4) and (5) In the absence of consistent experimental data for shell parameters, the values in [9] were used for the purpose of conducting a qualitative analysis. These are . For sake of simplicity it was assumed that the particle volume ratio in the shell is equal to the area fraction covered by adsorbed particles at interface 1, hence
Experiments
Bubble preparation
The basic bubble formulation is as follows. A lipid film of 0.13 vol% 1,2--distearoyl--sn--glycero--3--phosphocholine (DSPC) and 0.025 vol% 1,2--Distearoyl--phosphatidylethanolamine--methyl--polyethyleneglycol conjugate--2000 (Na+ salt) prepared via solvent evaporation, was added to an aqueous solution containing 0.05 vol% polyethylene glycol 40 stearate (PEG40S), purchased from Sigma--Aldrich Co. Nitrogen was used as the gas in all cases. Bubbles were also prepared using a specially designed T--junction device consisting of three polyether ether ketone (PEEK) capillaries with an internal diameter of 75 μm embedded in a rigid acrylic Perspex block. The capillaries were held in place using standard high--pressure liquid chromatography (HPLC) connectors and ferrules. All tubing and ferrules were purchased from Gilson Scientific Ltd., Luton, UK. The upper capillary was connected to a nitrogen cylinder, which supplied the gas at a constant pressure of 43.5 MPa, as measured by a digital manometer. The middle capillary was connected to a digital Aladdin syringe pump, which allowed for measurable non--pulsatile constant fluid flow. The third capillary was used to collect the microbubbles after formation. The three capillaries were separated in the centre of the device by a distance of approximately 70 μm.
Acoustic response
The non-linear behaviour of the microbubbles was tested using a specially designed rig immersed in DI water at ambient temperature (Figure 1 ). Microbubbles were hydrodynamically isolated and streamed using a pair of co-axially aligned needles into the focal region of a pair of transducers. The microbubbles were interrogated by exciting the transmitting transducer (3.5 MHz focussed, Panametrics-NDT) with a Gaussian-windowed 5 cycle pulse train, ranging from 5 MHz to 2MHz sinusoid pulses, generated by an arbitrary function generator (33220A, Agilent). The signal was then amplified (50dB) by an RF power amplifier (325LA, Electric and Innovation) at a pulse repetition rate of 100 Hz. The input voltage was varied to maintain a constant peak negative pressure of 300kPa at each frequency. The scattered pressure was detected at 90 degrees using a 3.5 MHz focussed transducer (V382, Panametrics-NDT) where the signal was amplified (35dB) using a pulser/receiver (DPR300, JSR Ultrasonics) and digitised with an oscilloscope (600 MHz, Xi64-A, Waverunner, LeCroy). The data were saved to disk and the captured signals were processed in MATLAB using purpose-written code whereby each signal is analysed in the frequency domain, obtained via Fast Fourier Transform (MATLAB function, 'fft.m'). Figure 2 illustrates the variation of maximum radius with insonation frequency at constant acoustic pressure for a variety of shell configurations. The resonance frequency data for an uncoated microbubble have also been included in Figure 2A for the sake of comparison. It is apparent that the resonance frequency increases with the stiffness and that the inclusion of particles moderately increases the resonance frequency. It is clear from (4) that any increase in shell thickness will significantly alter the contribution of the shell to stiffness and viscous damping. This is again shown by similar maximum expansion radii between the two shell models considering that in the second case insonation pressure is doubled. It was found that the increase in effective viscosity through inclusion of nanoparticles did not significantly affect the oscillations. The ratio of expansion over contraction was calculated as ( ) ( )
FIGURE 1. Schematic representation of Acoustic testing set-up
RESULTS AND DISCUSSION
. The insonation pressure range was chosen so that the maximum expansion radius was lower than twice the initial radius, at which point the microbubble will experience violent, inertia dominated oscillations. However, some of this effect is still visible in figure 3A . The low insonation pressures, all cases exhibit low asymmetry. This is due to the minimum radius of the microbubble not exceeding the radius associated with max F A . As the insonation pressure increases, the microbubble enters the close packing region and therefore the increased shell stiffness hinders further contraction and significantly increases the asymmetry of the oscillations. It can also be observed that the monolayer shells exhibit this effect at much lower insonation pressure due to their lower stiffness.
The experimental results are shown in figure 4 . As may be seen, the amplitude of both the fundamental and subharmonic components increased with decreasing driving frequency. This was as expected given that the mean diameter of the microbubbles was 8µm and the linear resonance frequency would therefore be expected to be below (A) (B) (B) (A) the centre frequency of the transducer. The gold nanoparticle coated bubbles consistently showed a stronger subharmonic response at each frequency in accordance with a more pronounced nonlinear character. 
CONCLUSION
Both the theoretical and experimental results demonstrate that the modification of the microbubble surface through the addition of solid nanoparticles not only significantly influences the bubble's stability but also their acoustic response. This is thought to arise from the increased asymmetry in the microbubble oscillation produced by the presence of the particles in the coating which leads to increased resistance to compression. This phenomenon is potentially beneficial for improving contrast to tissue ratio in microbubble imaging and for tracking of microbubbles used for drug delivery or other therapeutic applications, in particular since a pronounced enhancement in the subharmonic response was observed experimentally.
